1. Introduction {#s0005}
===============

Hyperglycemia is a major risk factor for the development of cardiovascular disease and cardiovascular mortality [@bib1], [@bib2]. Diabetic complications are associated with oxidative stress and uncoupling of endothelial nitric oxide synthase (eNOS, type 3) (reviewed in [@bib3]). Both parameters are considered important pathological mechanisms in the development of vascular dysfunction in diabetic animals [@bib4], [@bib5], [@bib6] and patients [@bib7], [@bib8]. Another major cause for vascular damage under hyperglycemic conditions is based on direct toxic effects of high glucose levels via the formation of advanced glycation end products (AGE) and activation of their specific receptors (RAGE) [@bib9], [@bib10]. Of note, there is a vital cross-talk between oxidative stress and AGE/RAGE components [@bib11], [@bib12], [@bib13] leading to increased inflammation [@bib14], [@bib15], [@bib16], accounting at least in part for the vascular dysfunction in the diabetic state.

The sodium-glucose co-transporter 2 (SGLT2) is responsible for the renal reabsorption of \>90% of the glucose from primary urine [@bib17]. Inhibitors of SGLT2 (SGLT2i) are new therapeutic agents in the treatment of type 2 diabetes (T2DM). These agents increase urinary excretion of glucose, and thereby prevent hyperglycemic episodes in diabetic animals and individuals as well as the resulting glucotoxicity [@bib18], [@bib19]. SGLT2i act independently of insulin secretion and are therefore not affected by deteriorating β-cell function and desensitization to insulin signaling (as observed with increasing age) [@bib20]. Empagliflozin, a potent and highly selective SGLT2i, was approved in the United States of America [@bib21] and European Union (European Medicines Agency number: EMEA/H/C/002677) for the treatment of T2DM. The ability of SGLT2i to prevent hyperglycemia-induced damage is supported by recent large-scale clinical trials (EMPA-REG) where empagliflozin was the only modern anti-diabetic drug that reduced cardiovascular and overall mortality in T2DM patients at high cardiovascular risk [@bib2], [@bib22]. So far, neither therapy with a dipeptidyl peptidase 4 inhibitor nor with a glucagon-like peptide-1 analogue showed a similar reduction in cardiovascular and overall mortality in T2DM patients with proven cardiovascular risk [@bib23], [@bib24].

We recently described the anti-diabetic, antioxidant, anti-inflammatory and vasculo-protective effects of empagliflozin treatment in rats with streptozotocin-induced T1DM [@bib18]. With the current study we sought to investigate the effects of empagliflozin on β-cell function, endothelial dysfunction, oxidative stress, AGE/RAGE signaling and inflammation in Zucker fatty diabetic rats, a well-established rat model of T2DM.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

The High-Capacity cDNA Reverse Transcription Kit was purchased from Applied Biosystems, Darmstadt, Germany. All oligonucleotides and dual labeled probes were purchased from MWG Biotech, Ebersberg, Germany. The Bradford reagent was obtained from BioRad, Munich, Germany. For isometric tension studies, nitroglycerin (GTN) was used from a Nitrolingual infusion solution (1 mg/ml) from G.Pohl-Boskamp (Hohenlockstedt, Germany). SGLT2-inhibitor (SGLT2i, empagliflozin) was a kind gift from Boehringer Ingelheim Pharma GmbH & Co KG (Biberach, Germany). L-012 (8-amino-5-chloro-7-phenylpyrido\[3,4-*d*\]pyridazine-1,4-(2H,3H)dione sodium salt) was purchased from Wako Pure Chemical Industries (Osaka, Japan). All other chemicals were of analytical grade and were obtained from Sigma-Aldrich, Fluka or Merck.

2.2. Animals and in vivo treatment {#s0020}
----------------------------------

All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the U.S. National Institutes of Health and approval was granted by the Ethics Committee of the University Hospital Mainz and the Landesuntersuchungsamt Rheinland-Pfalz (Koblenz, Germany; permit number: 23 177-07/G 12-1-025). As a model of T2DM we used Zucker Diabetic Fatty (ZDF) rats. A total number of 35 diabetic ZDF rats (ZDF-Lepr^fa/fa^) and respective 16 lean controls (ZDF-Lepr^+/+^) were directly ordered from Charles River at an age of 16 ± 1 weeks. Rats were fed with Purina 5008 chow and divided into 4 treatment groups: lean control rats (ZDF-Lepr^+/+^, Ctr), type 2 diabetic rats (ZDF-Lepr^fa/fa^, ZDF), type 2 diabetic rats on SGLT2i low dose (10 mg/kg/d p.o.) or SGLT2i high dose (30 mg/kg/d p.o.) treatment via drinking water as described [@bib18]. The two doses were calculated upon correction for the significant differences in pharmacokinetic parameters and metabolism between rodents and humans (e.g. half-life around 1--2 h in rodent and 10--12 h in man) and were previously reported to be efficient and to correspond to the equivalent active dose in humans [@bib25], [@bib26], [@bib27], [@bib28]. After 6 weeks of treatment duration, animals were killed under isoflurane anesthesia by transection of the diaphragm and removal of the heart and thoracic aorta. Hyperglycemia as a marker for type 2 diabetes was assessed by glucose levels and glycosylated hemoglobin (HbA1c) in whole blood using the ACCU-CHEK Sensor system from Roche Diagnostics GmbH (Mannheim, Germany) and A1C Now^+^ system from Bayer HealthCare Diabetes Care (Basel, Switzerland), respectively.

2.3. Detection of serum cholesterol, triglyceride and interferon-γ levels {#s0025}
-------------------------------------------------------------------------

Serum cholesterol, triglyceride, high- and low-density lipoprotein (HDL, LDL) levels were analyzed in the Department of Clinical Chemistry, University Hospital Mainz, Germany, using the daily routine facilities for in-patient care.

2.4. Histological and immunohistochemical staining of aortic rings and pancreatic tissue {#s0030}
----------------------------------------------------------------------------------------

Sirius red staining for vascular fibrosis and trichrome staining was performed with paraffin-embedded samples of aortic tissue upon deparaffination [@bib18]. Paraffin-embedded aortic samples were stained with primary antibodies against glucagon (pancreatic tissue: 1:4000, Abcam, UK), insulin (pancreatic tissue: 1:200, LifeSpan BioSciences, Seattle, USA), CD68 (aorta: 1:50, Cell signaling \#4842, Leiden, The Netherlands), cyclooxygenase-2 (COX2) (aorta: 1:50, LifeSpan Biosciences, Inc, Seattle, USA) and 3-nitrotyrosine (3NT) (aorta: 1:200, Merck-Millipore, Darmstadt, Germany) [@bib18]. For detection we used the LSAB 2 kit with biotinylated anti-mouse and --rat (DAKO, \#K0609, Hamburg, Germany) or fluorescent labeling (Alexa Fluor 488 anti-rabbit glucagon, Alexa Fluor 555 anti-mouse insulin, Cell Signaling, Danvers, MA; DAPI 397--412 nm for nuclei, Carl Roth GmbH, Karlsruhe, Germany) at dilutions according to the manufacturer\'s instructions. For immunochemical detection streptavidin-HRP (DAKO) and then DAB reagent (peroxidase substrate Kit, Vector) were used as substrates. Quantification was performed using Image ProPlus 7.0 software (Media Cybernetics, Rockville, MD).

2.5. Detection of insulin, glucagon, leptin in aprotinin plasma or serum levels by RIA {#s0035}
--------------------------------------------------------------------------------------

Venous blood was transferred into plasma vials (BD Vacutainer K3E with 250 KIU aprotinin), left on ice for 30 min and centrifuged for 10 min at 2000 g. The supernatant (plasma) was stored at --80 °C. Quantitative measurement of insulin and glucagon levels was performed using a rat insulin (\#SRI-13K) or glucagon (\#GLK-32) RIA (Merck (Millipore), St. Charles, Missouri, USA) according to the manufacturer\'s instructions. Insulin levels were also measured in serum, which was generated without aprotinin and EDTA, using a rat insulin ELISA (DRG Instruments GmbH, Marburg, Germany). Leptin and adiponectin levels were determined using ELISA (Leptin Quantikine Elisa Mouse / Rat Immunoassay, Cat.-Nr. MOB00, R&D Systems, Wiesbaden, Germany; Adiponectin (ADP) Elisa Mouse / Rat / Human, Cat.-Nr. MBS066180, MyBioSource, USA).

2.6. Isometric tension studies {#s0040}
------------------------------

Vasodilator responses to acetylcholine (ACh) were assessed with endothelium-intact isolated rat aortic rings mounted for isometric tension recordings in organ chambers as described previously [@bib29] but here we used preconstriction with either noradrenalin (1 µM yielding approximately 80% of the maximal tone induced by KCl bolus) or the thromboxane receptor agonist U46,619 (1 µM yielding approximately 50% of the maximal tone induced by KCl bolus).

2.7. Detection of oxidative stress in whole blood, cardiac tissue and aorta {#s0045}
---------------------------------------------------------------------------

Whole blood leukocyte-dependent ROS formation was measured in fresh blood (in citrate tubes) upon stimulation with the fungal endotoxin zymosan A (50 µg/ml) and assessed with L-012 (100 μM) enhanced chemiluminescence (ECL) [@bib30]. To investigate involvement of NADPH oxidase in ROS production, aortic rings were preincubated with the NADPH oxidase isoform 2 (Nox2) inhibitor VAS2870 and the intracellular calcium chelator BAPTA-AM [@bib15], [@bib18]. Vascular ROS formation was determined using dihydroethidium (DHE, 1 µM)-dependent fluorescence microtopography in aortic cryo-sections as described [@bib29], [@bib31]. To investigate the involvement of eNOS uncoupling in ROS production and endothelial dysfunction, aortic rings were preincubated with the NOS inhibitor L-NAME (0.5 mM) [@bib29], [@bib31], [@bib32]. Adventitial ROS formation was measured by densitometric quantification of red fluorescence in a defined area within the adventitial tissue [@bib33]. ROS-derived red fluorescence was detected using a Zeiss Axiovert 40 CFL microscope, Zeiss lenses and Axiocam MRm camera. Superoxide formation in heart membrane fractions was measured by an HPLC-based method to quantify ethidium and 2-hydroxyethidium yield from 50 µM DHE in the presence of NADPH (200 µM) as previously described [@bib29].

2.8. eNOS immunoprecipitation, Western blot and dot blot analysis {#s0050}
-----------------------------------------------------------------

Protein expression and modification was assessed by standard Western and dot blot analysis using established protocols [@bib18], [@bib29]. Immunoprecipitation of eNOS was performed with M-280 sheep anti-mouse IgG coated beads from Invitrogen (Darmstadt, Germany) along with a monoclonal mouse eNOS (Biosciences, USA) antibody [@bib33]. The precipitates were washed and transferred to gel and subjected to SDS-PAGE followed by a standard Western blot procedure using a monoclonal rabbit phospho-Thr495-eNOS antibody (P-eNOS^Thr495^, 1:1000, Upstate Biotechnology, MA, USA). SDS-PAGE and Western blotting were performed as previously described [@bib18], [@bib33] using monoclonal mouse α-actinin (1:10,000, Sigma-Aldrich, Munich, Germany) as a control for loading and transfer, monoclonal mouse NADPH oxidase isoform 2 (Nox2 or gp91^phox^, 1:1000, BD Biosciences, USA), monoclonal mouse dihydrofolate reductase (DHFR, 1 µg/ml, Abnova Corp., Germany), monoclonal mouse GTP-cyclohydrolase-1 (GCH-1, 1 µg/ml, Abnova Corp., Germany), monoclonal mouse heme oxygenase-1 (HO-1) (4 µg/ml, Stressgen, San Diego, CA), polyclonal goat cGMP-dependent protein kinase (cGK-I, 1:200, Santa Cruz Biotechnologies, USA), vasodilator stimulated phosphoprotein (VASP) phosphorylated on serine239 (P-VASP^Ser239^, clone 16C2, 1.5 µg/ml, Calbiochem, UK), polyclonal rabbit monocyte- chemoattractant-protein-1 (MCP-1 or CCL-2, 0.2 µg/ml, Serotec, UK), polyclonal rabbit receptor for advanced glycation end products (RAGE, 1:1000, Cell Signaling Technology, Danvers, MA), polyclonal mitochondrial aldehyde dehydrogenase (ALDH-2) (1:2000, provided by H. Weiner as previously characterized [@bib34]). 4-Hydroxynonenal (HNE)-positive proteins and 3-nitrotyrosine (3NT)-positive proteins were assessed by dot blot analysis of aortic, renal or cardiac protein homogenates or serum samples, which was transferred to a Protran BA85 (0.45 µm) nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany) by a Minifold I vacuum dot-blot system (Schleicher&Schuell, Dassel, Germany) [@bib33]. A goat polyclonal HNE antibody (1:1000, Merck-Millipore, Darmstadt, Germany), a mouse monoclonal 3NT antibody (1:1000, Upstate Biotechnology, MA, USA) and a monoclonal mouse H3K9me2 antibody (1:1000, abcam \#ab1220, UK) were used for dot blot analysis. Detection and quantification of all blots was performed by ECL with peroxidase conjugated anti--rabbit/mouse (1:10,000, Vector Lab., Burlingame, CA) and anti-goat (1:5000, Santa Cruz Biotechnologies, USA) secondary antibodies. Dot blot signals of serum samples were normalized to polyclonal rabbit transferrin (1:1000, Thermo Fisher, Waltham, USA) as the loading control. Densitometric quantification of antibody-specific bands was performed with a ChemiLux Imager (CsX-1400 M, Intas, Göttingen, Germany) and Gel-Pro Analyzer software (Media Cybernetics, Bethesda, MD).

2.9. Detection of serum methylglyoxal levels and liver ALDH-2 activity by HPLC-based quantification {#s0055}
---------------------------------------------------------------------------------------------------

Methylglyoxal serum levels were quantified by an HPLC-based method upon derivatization of the reactive aldehyde with 1,2-diaminobenzene as previously described [@bib33]. The activity of ALDH-2 in isolated heart mitochondria was determined by measuring the conversion of 6-methoxy-2-naphthylaldehyde (Monal 62) to the fluorescent naphthoic acid product by an HPLC-based assay in the absence and presence of the specific ALDH-2 inhibitor daidzin [@bib33].

2.10. Quantitative reverse transcription real-time PCR (qRT-PCR) {#s0060}
----------------------------------------------------------------

mRNA expression was analyzed with quantitative reverse transcription real-time PCR (qRT-PCR) as previously described [@bib18], [@bib35]. Briefly, total RNA from rat aorta was isolated (RNeasy Fibrous Tissue Mini Kit; Qiagen, Hilden, Germany), and 50 ng of total RNA was used for real-time RT-PCR analysis with the QuantiTect Probe RT-PCR kit (Qiagen). TaqMan gene expression assays for inflammatory genes *interferon-γ* (*IFN-γ*), *cyclooxygenase-2* (*COX2*), *inducible NO synthase* (*NOS2*), *intercellular adhesion molecule-1 (ICAM-1)* and a marker of platelet and endothelial activation *P-selectin* (*SELP*) as well as the housekeeping gene *TATA box binding protein* (*TBP*) were purchased as probe-and-primer sets (Applied Biosystems, Foster City, CA). The comparative Ct method was used for relative mRNA quantification. Gene expression was normalized to the endogenous control, *TBP* mRNA, and the amount of target gene mRNA expression in each sample was expressed relative to the control.

2.11. Chromatin immunoprecipitation (ChIP) {#s0065}
------------------------------------------

Rat kidney samples were homogenized in liquid nitrogen and 50 mg kidney sample was used per ChIP experiment (modified from [@bib36], [@bib37]). Samples were resuspended in PBS supplemented with protease inhibitors and single cells were obtained by filtering through a 100 µm mesh filter. The cells were then pelleted by low-speed centrifugation and lysed in cell lysis buffer containing protease inhibitors. DNA was fragmented using Micrococcal Nuclease to an average DNA fragment size of 300--400 bp. The nuclear membrane was broken using nuclear lysis buffer containing TritonX and SDS. 10 µg of DNA was used for each ChIP experiment and 1% (0.1 µg) DNA was retained as input control. Immunoprecipitations were performed by overnight incubation of the chromatin samples with protein G magnetic beads and 3 µg of the respective antibodies. Antibodies used were Anti-Histone H3 (trimethyl K9) antibody (abcam \#ab8898) and Anti-Histone H3 (trimethyl K4) antibody (Millipore \#07--473). After removal of the beads, the eluate was purified with the QIAQuick PCR Purification Kit (Qiagen \#28104). Immunoprecipitated DNA was subjected to qPCR analysis using promoter-specific primers for *eNOS* [@bib38], *NOS2*, *RAGE* and *IFNγ* (predicted from the UCSC genome browser: <https://genome.ucsc.edu/>). Chip data were calculated relative to input. Primer sequences for ChIP-qPCR were: *eNOS*-forward CTGGCCCACACTCTTCAAGT, *eNOS*-reverse CCTAAGGAAAAGGCCAGGAC; *NOS2* forward CTGTCAGGGCCACAGCTTTA, *NOS2* reverse TCACCAAGGTGGCTGAGAAG; *RAGE*-forward GCTGGACCATGCTGCCTAAT, *RAGE*-reverse CATTTCCTTCAGCCCACCGA; *IFNγ*-forward GCCCAAGGAGTCGAAAGGAA, *IFNγ*-reverse AGATAGGTGGCGGGAGCTTA. The proper methodology of the ChIP procedure was validated by testing an always active gene (*GAPDH*, Simple CHIP Rat GAPDH Promoter Primers, Cell Signaling \#7964) and an always inactive genomic region (gene desert, Rat Negative Control Primer Set 1, Active motif \#71024) for activating (H3K4me3) and suppressing (H3K9me3) histone marks.

2.12. Cell culture {#s0070}
------------------

Human umbilical vein endothelial cells (HUVECs) were obtained from Academic Teaching Hospital in Frankfurt am Main/Höchst and Katholisches Klinikum Mainz St. Vincenz- und Elisabeth-Hospital. HUVECs were isolated by collagenase digestion as described [@bib39], and cultured in endothelial growth medium (ECGM \#C22110, Promocell) mixed 1:1 with M199 (\#M4530, Sigma) containing 20% fetal calf serum (FCS, PAA), 0.5% penicillin / streptomycin and 1% [l]{.smallcaps}-glutamine at 37 °C and 5% CO~2~. Then the cells were seeded into 6-well plates (0.6 × 10^6^ cells/well) and grown until confluency was reached. On "day 0" the experiment was started by changing the medium to M199 only containing 10% fetal calf serum (FCS, PAA), 0.5% penicillin / streptomycin and 1% [l]{.smallcaps}-glutamine. Cells in one plate were cultured under normoglycemic conditions (5 mM glucose) and cells in 6 other plates were grown under hyperglycemic conditions (30 mM glucose). On "day 4" of normo- and hyperglycemic conditions the treatment with the SGLT2i empagliflozin, the dipeptidyl peptidase-4 inhibitor sitagliptin or the RAGE inhibitor FPS-ZM1 was started at concentrations of 1 or 10 µM (each stock in DMSO prepared for 1:1000 dilution) for another 3 days. The medium containing the different drugs or the solvent was changed daily. Pictures were taken on each day until "day 6″ and living cells were manually counted using the Cell B software (Olympus).

On "day 6" the cells were stimulated with 1 µM acetylcholine for 30 min at 37 °C and the supernatant was subjected to HPLC analysis of nitrite. Medium with produced nitrite was mixed 1:1 with 1 M HCl containing 200 µM 2,3-diaminonaphthalene and incubated for 10 min at 37 °C. Under acidic conditions nitrite will form a highly fluorescent triazol product with 2,3-diaminonaphthalene. 50 µl of the supernatant were subjected to HPLC analysis. The system consisted of a control unit, two pumps, a mixer, detectors, a column oven, a degasser, an autosampler (AS-2057 plus) from Jasco (Groß-Umstadt, Germany), and a C~18~-Nucleosil 100-3 (125 × 4) column from Macherey & Nagel (Düren, Germany). A high-pressure gradient was employed with solvent B (acetonitrile/water 90:10 v/v%) and solvent A (25 mM citrate buffer pH 2.2) as mobile phases with the following percentages of the organic solvent B: 0 min, 30%; 8 min, 65%; 8.5--9 min, 100%; and 9.5 min, 30%. The flow was 1 ml/min, and the triazol product was detected by its fluorescence (Ex. 375 nm/Em. 415 nm). Nitrite concentrations were quantified by external standards. The background nitrite signal of the culture medium was subtracted from the determined nitrite values.

2.13. Statistical analysis {#s0075}
--------------------------

Results are expressed as the means ± SEM. Two-way ANOVA (with Bonferroni\'s correction for comparison of multiple means) was used for comparisons of concentration-relaxation curves (Prism for Windows, version 6.05, GraphPad Software Inc.). One-way ANOVA (with Bonferroni\'s or Dunn\'s correction for comparison of multiple means), or, where appropriate, an equivalent non-parametric test (Dunn / Kruskal-Wallis multiple comparison) was used for comparisons of weight gain, blood glucose, HbA1c levels, other serum parameters, such as insulin, triglycerides and methylglyoxal levels, histological data, aortic ROS formation, protein and mRNA expression, cardiac and whole blood oxidative stress and mitochondrial ALDH-2 activity (SigmaStat for Windows, version 3.5, Systat Software Inc.). Correlations between fasting blood glucose, HbA1c and endothelial function, oxidative burst were analyzed by linear regression analysis (Prism for Windows, version 6.05, GraphPad Software Inc.). p values \< 0.05 were considered as statistically significant. The number of replicates in the different assays may vary since not all animals were used in all assays and some values were excluded when they exceeded a deviation of 2xSD from the means.

3. Results {#s0080}
==========

3.1. Metabolic syndrome-related parameters ([Table 1](#t0005){ref-type="table"}) {#s0085}
--------------------------------------------------------------------------------

Body weights and heart/body weight ratios were not significantly changed by SGLT2i treatment of ZDF rats. The kidney/body weight ratio was increased in ZDF rats and was not changed by SGLT2i treatment. Blood glucose was higher in all ZDF rats (more than 4-fold compared to the lean control rats) before SGLT2i treatment. Fasting blood glucose levels were decreased by approximately 40% after 6 weeks of SGLT2i treatment (both doses), with a trend for more pronounced anti-hyperglycemic effects of the higher dose SGLT2i treatment, but were still higher than blood glucose levels in lean control rats. The parameter for long-term glycemic conditions, HbA1c, was elevated in ZDF rats and was significantly decreased by both doses of empagliflozin. Insulin resistance, measured by the HOMA-IR index, was significantly increased in ZDF rats and was improved by the higher dose of empagliflozin. Accordingly, β-cell function as measured by the HOMA-beta index, was severely impaired in untreated ZDF rats and significantly improved by both doses of empagliflozin. ZDF rats had higher total cholesterol, HDL, LDL and triglyceride levels compared to lean control rats, which were not lowered by SGLT2i treatment. The severe hypercholesterolemia of all ZDF groups was also visible by the milky aspect of their serum ([Fig. 1](#f0005){ref-type="fig"}A). In accordance to the lack of effects of SGLT2i therapy on hypercholesterolemia and hyperlipidemia the levels of the adipokines leptin and adiponectin were not ameliorated by empagliflozin therapy.Fig. 1Serum samples and immunohistochemical measurements in lean controls and ZDF rats with or without 6 weeks of SGLT2i (low and high dose) treatment. Representative picture of serum samples of all groups showing the milky color of ZDF serum due to hypercholesterolemia (**A**). Representative histological staining of pancreas with Goldner\'s trichrome for morphological changes of islets (**A**). Representative (immune)histochemical stainings of pancreatic tissue for insulin, glucagon and nuclei (**A**). Densitometric quantification of pancreatic insulin and glucagon formation and representative immunohistochemical stainings with the fluorescent antibodies and dyes (**B**). Representative data (means ± SEM) and pictures of at least 4 (**A**) or 7 (**B**) animals/group. \*, p \< 0.05 vs. control and ^\#^, p \< 0.05 vs. ZDF group.Fig. 1

Sirius red staining revealed neither thickening of the vascular wall nor increased fibrosis in the aorta of ZDF rats (not shown). The morphological changes (e.g. reduced β-cell mass and sclerosis of islets) in the pancreas as revealed by trichrome staining of the pancreas of untreated ZDF rats were normalized by the higher dose of SGLT2i ([Fig. 1](#f0005){ref-type="fig"}A). In accordance with this finding, immunohistochemical staining showed clear decreases of insulin and glucagon and only a few insulin-positive β-cells in the ZDF group as compared to the lean controls ([Fig. 1](#f0005){ref-type="fig"}A), implying that SGLT2i treatment may preserve insulin and glucagon content in islet cells, as confirmed by densitometric quantification of the immunohistochemical signals ([Fig. 1](#f0005){ref-type="fig"}B). Hyperinsulinemia in ZDF rats was not significantly improved by SGLT2i therapy as determined by insulin plasma values using RIA, whereas increased glucagon levels in plasma of ZDF rats were corrected by both SGLT2i doses ([Table 1](#t0005){ref-type="table"}, from plasma with protease inhibitors).Table 1Weight gain, and blood and serum parameters in controls and diabetic rats.Table 1**In vivo treatment group**Parameter[a](#tblt0005fn7355){ref-type="table-fn"}CtrZDFZDF+low SGLT2iZDF+high SGLT2iBody weight \[g\]386 ± 8 (n = 16)367 ± 5 (n = 15)382 ± 7 (n = 10)395 ± 13 (n = 10)Heart/body ratio ( × 10^3^)3.5 ± 0.1 (n = 15)3.7 ± 0.1 (n = 14)3.7 ± 0.3 (n = 9)3.4 ± 0.1 (n = 9)Kidney/body ratio ( × 10^3^)3.7 ± 0.1 (n = 15)5.5 ± 0.1 (n = 14)[\*](#tblt0005fn7703){ref-type="table-fn"}5.4 ± 0.2 (n = 9)[\*](#tblt0005fn7703){ref-type="table-fn"}5.2 ± 0.2 (n = 9)[\*](#tblt0005fn7703){ref-type="table-fn"}Blood glucose \[mg/dl\], non-fast., prior SGLT2i124 ± 4 (n = 16)548 ± 13 (n = 15)[\*](#tblt0005fn7703){ref-type="table-fn"}518 ± 13 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}531 ± 21 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}Blood glucose \[mg/dl\], 6w SGLT2i, fasting108 ± 5 (n = 15)456 ± 23 (n = 14)[\*](#tblt0005fn7703){ref-type="table-fn"}230 ± 48(n = 9)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}157 ± 11 (n = 9)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}HbA1c \[mmol/mol\]30 ± 1 (n = 16)118 ± 4 (n = 15)[\*](#tblt0005fn7703){ref-type="table-fn"}71 ± 5 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}63 ± 5 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}HbA1c \[%\]5.0 ± 0.1 (n = 16)12.9 ± 0.3 (n = 15)[\*](#tblt0005fn7703){ref-type="table-fn"}8.6 ± 0.5 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}7.9 ± 0.4 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"},[\#](#tblt0005fn8709){ref-type="table-fn"}Insulin \[pg/ml\], ELISA from serum w/o EDTA/aprotinin514 ± 57 (n = 14)618 ± 128 (n = 14)623 ± 79 (n = 9)590 ± 94 (n = 9)Insulin \[pg/ml\], RIA from plasma with EDTA/aprotinin343 ± 3 (n = 10)590 ± 9 (n = 14)[\*](#tblt0005fn7703){ref-type="table-fn"}691 ± 16 (n = 8)[\*](#tblt0005fn7703){ref-type="table-fn"},[\#](#tblt0005fn8709){ref-type="table-fn"}853 ± 19 (n = 8)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}^,^[§](#tblt0005fn0890){ref-type="table-fn"}HOMA-IR index[b](#tblt0005fn6870){ref-type="table-fn"}2.5 ± 0.3 (n = 10)17.1 ± 2.8 (n = 13)\*10.8 ± 3.7 (n = 8)[\*](#tblt0005fn7703){ref-type="table-fn"}8.0 ± 1.9 (n = 8)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}HOMA-beta index \[%\][b](#tblt0005fn6870){ref-type="table-fn"}62 ± 6 (n = 10)15 ± 3 (n = 13)[\*](#tblt0005fn7703){ref-type="table-fn"}47 ± 15 (n = 8)[\#](#tblt0005fn8709){ref-type="table-fn"}90 ± 20 (n = 8)[\#](#tblt0005fn8709){ref-type="table-fn"}Glucagon \[pg/ml\], RIA from plasma with EDTA/aprotinin89 ± 5 (n = 10)120 ± 7 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}103 ± 3 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}99 ± 6 (n = 8)[\#](#tblt0005fn8709){ref-type="table-fn"}Cholesterol \[mg/dl\], ELISA91 ± 4 (n = 10)246 ± 19 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}272 ± 19 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}269 ± 17 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}HDL \[mg/dl\], ELISA31 ± 1 (n = 10)75 ± 4 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}81 ± 3 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}80 ± 5 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}LDL \[mg/dl\], ELISA44 ± 3 (n = 10)60 ± 9 (n = 10)63 ± 8 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}59 ± 11 (n = 10)Triglycerides \[mg/dl\]81 ± 7 (n = 10)565 ± 69 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}677 ± 96 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}664 ± 63 (n = 10)[\*](#tblt0005fn7703){ref-type="table-fn"}Serum leptin \[ng/ml\], ELISA[c](#tblt0005fn6188){ref-type="table-fn"}2.1 ± 0.6 (n = 5)5.2 ± 0.5 (n = 5)[\*](#tblt0005fn7703){ref-type="table-fn"}8.9 ± 1.0 (n = 4)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}10.1 ± 1.7 (n = 4)[\*](#tblt0005fn7703){ref-type="table-fn"}^,^[\#](#tblt0005fn8709){ref-type="table-fn"}Serum adiponectin \[ng/ml\], ELISA[c](#tblt0005fn6188){ref-type="table-fn"}5.5 ± 0.5 (n = 5)6.8 ± 0.5 (n = 5)5.8 ± 0.5 (n = 4)6.4 ± 0.5 (n = 5)Serum methylglyoxal \[µM\], HPLC0.23 ± 0.01 (n = 10)0.34 ± 0.04 (n = 9)[\*](#tblt0005fn7703){ref-type="table-fn"}0.26 ± 0.02 (n = 10)[\#](#tblt0005fn8709){ref-type="table-fn"}0.25 ± 0.02 (n = 9)[\#](#tblt0005fn8709){ref-type="table-fn"}Serum CRP \[µg/ml\], ELISA742 ± 44 (n = 12)1057 ± 159 (n = 11)^p\ =\ 0.060\ vs.\ Ctr^673 ± 55 (n = 8)^p\ =\ 0.063\ vs.\ ZDF^653 ± 84 (n = 9)[\#](#tblt0005fn8709){ref-type="table-fn"}[^2][^3][^4][^5][^6][^7]

3.2. Vascular parameters {#s0090}
------------------------

The endothelial dysfunction (impaired acetylcholine \[ACh\]-dependent relaxation) in ZDF rats was partially prevented by both doses of SGLT2i ([Fig. 2](#f0010){ref-type="fig"}A-B). The modest increase in the expression of cGMP-dependent kinase in ZDF rats was reduced to control levels by SGLT2i treatment ([Fig. 2](#f0010){ref-type="fig"}C). Likewise, the phosphorylation of VASP at Ser239 (as a read-out of activation of the cGMP-dependent kinase) was decreased in ZDF rats, was normalized by the lower dose of SGLT2i treatment, and increased greater than in lean control rats with the higher dose of SGLT2i ([Fig. 2](#f0010){ref-type="fig"}C). As a consequence, the ratio of P-VASP/cGK-I was significantly decreased in ZDF rats and improved by SGLT2i treatment. A major determinant for the activity of the cGK-I is the functional/coupling state of eNOS, which is largely determined by the availability of its cofactor tetrahydrobiopterin (BH~4~) and its phosphorylation state. BH~4~ levels are regulated by de novo synthesis by GTP-cyclohydrolase-1 (GCH-1) and by restoration of BH~4~ from its oxidation product BH2 by dihydrofolate reductase (DHFR). GCH-1 protein expression was not changed among the groups but DHFR protein expression was increased by SGLT2i treatment ([Fig. 2](#f0010){ref-type="fig"}D). In addition, the inhibitory phosphorylation of eNOS at Thr495 (as characterized by Fleming and coworkers [@bib40], [@bib41]) was diminished by SGLT2i treatment ([Fig. 2](#f0010){ref-type="fig"}D). The impact of oxidative stress on the ^•^NO/cGMP signaling pathway and the role of the different components are illustrated in the scheme ([Fig. 2](#f0010){ref-type="fig"}E).Fig. 2Effects of SGLT2i treatment on vascular parameters in ZDF rats. Effects of SGLT2i treatment on endothelium-dependent relaxation by the vasodilators acetylcholine (ACh) in noradrenalin (**A**) or U46,619 (**B**) preconstricted aortic ring segments. Each single value for an animal corresponds to the means of 4 individual aortic rings from this animal. Protein expression of cGK-I, serine239 phosphorylated VASP and the resulting P-VASP/cGK-I ratio as a surrogate parameter for the integrity of vascular ^•^NO/cGMP signaling was determined by Western blot analysis (**C**). Likewise, protein expression of the BH~4~ regulating enzymes GCH-1 and DHFR as well as phosphorylation of eNOS at Thr495 (in immunoprecipitated eNOS) was determined as surrogate parameters for the coupling state of eNOS (**D**). Representative blots for all proteins are shown besides the densitometric quantification. (**E**) Scheme illustrating the ^•^NO/cGMP signaling pathway leading to vasodilation with the major sites for its oxidative inactivation. BH4, tetrahydrobiopterin; cGK-1, cGMP-dependent protein kinase 1; DHFR, dihydrofolate reductase; GCH-1, GTP-cyclohydrolase-1; PDE, phosphodiesterase; PKC, protein kinase C; P-VASP, phosphorylated (Ser239) vasodilator stimulated phosphoprotein; ROS, reactive oxygen species. sGC, soluble guanylyl cyclase. Data are the means ± SEM from 9 to 12 animals/group (**A,B**) or from at least 4 independent experiments with pooled tissues from at least 8 animals/group (**C,D**). \*, p \< 0.05 vs. control and ^\#^, p \< 0.05 vs. ZDF group. For the vascular function data the significance levels were determined by two-way-ANOVA for each ACh concentration.Fig. 2

3.3. Oxidative stress parameters in whole blood, aorta, heart and kidney {#s0095}
------------------------------------------------------------------------

The oxidative burst in whole blood in response to zymosan A was increased in ZDF rats and blunted in a dose-dependent fashion by SGLT2i treatment ([Fig. 3](#f0015){ref-type="fig"}A). The signal in the ZDF group was largely suppressed by the NADPH oxidase inhibitor VAS2870 (highest affinity for Nox2 isoform) and the intracellular calcium chelator BAPTA-AM, indicating the involvement of the phagocytic NADPH oxidase and \[Ca^2+^\]~i~ in this process ([Fig. 3](#f0015){ref-type="fig"}A). NADPH oxidase activity was increased in cardiac tissue of ZDF rats and inhibited by low dose SGLT2i treatment ([Fig. 3](#f0015){ref-type="fig"}B). Aortic reactive oxygen species formation was increased in aortic cryo-sections of ZDF rats and reduced by the highest dose of SGLT2i ([Fig. 3](#f0015){ref-type="fig"}C). An inhibitory effect of the eNOS inhibitor L-NAME on the reactive oxygen species signal in the endothelial cell layer is indicative of an uncoupled eNOS. SGLT2i treatment restored the L-NAME effect in ZDF rats to a pattern similar to the one observed in lean control rats ([Fig. 3](#f0015){ref-type="fig"}D). However, eNOS uncoupling could not be confirmed by eNOS S-glutathionylation (not shown). In line with increased cardiac oxidative stress, the activity of the redox-sensitive enzyme mitochondrial aldehyde dehydrogenase (ALDH-2) was decreased in heart mitochondria of ZDF rats and normalized with SGLT2i treatment ([Fig. 3](#f0015){ref-type="fig"}E). The specific ALDH-2 inhibitor daidzin showed a similar reduction of the overall ALDH activity as observed in ZDF rats, whereas the unspecific ALDH inhibitor benomyl reduced the measured activity to background levels. ALDH-2 expression was decreased by 18% in aortic tissue and normalized by SGLT2i treatment (not shown). The oxidative inactivation of ALDH-2 by reversible disulfide bridge formation and irreversible sulfonic acid generation are illustrated in the scheme ([Fig. 3](#f0015){ref-type="fig"}F).Fig. 3Effects of SGLT2i treatment on oxidative stress parameters in ZDF rats. Leukocyte-derived ROS (oxidative burst) in whole blood at 30 min upon zymosan A stimulation along with the effects of the NADPH oxidase isoform 2 (Nox2) inhibitor VAS2870 and the intracellular calcium chelator BAPTA-AM (**A**). Quantification of cardiac NADPH oxidase activity in membrane preparations by dihydroethidium (50 µM)-derived fluorescent and superoxide-specific product 2-hydroxyethdium in the presence of NADPH (200 µM) by HPLC analysis (**B**). Dihydroethidium (DHE, 1 µM)-fluorescence microtopography was used to assess the effects of SGLT2i treatment on whole vascular wall (**C**) and endothelial (**D**) ROS production with and without incubation with the eNOS inhibitor L-NAME (0.5 mM). Representative microscope images are shown along with the densitometric quantification. Red fluorescence indicates ROS formation whereas green fluorescence represents basal laminae autofluorescence. Redox-sensitive, cardiac mitochondrial aldehyde dehydrogenase (ALDH-2) activity in ZDF rats was determined in isolated heart mitochondria by conversion of Monal 62 to its fluorescent naphthoic acid product (**E**). Daidzin (50 µM) is a specific ALDH-2 inhibitor, whereas benomyl (10 µM) is an unspecific ALDH inhibitor. Representative chromatograms are shown along with the quantification. (**F**) Scheme illustrating the oxidative inactivation of the mitochondrial aldehyde dehydrogenase (ALDH-2) via disulfide bridge formation (reversible inhibition) and sulfonic acid product (irreversible inhibition). Data are the means ± SEM from 9 w/o inhibitor (**A**), 3 with inhibitor (**A**), 6--8 (**B**), 5--6 (**C,D**) or 4 (**E**) animals/group. \*, p \< 0.05 vs. control and ^\#^, p \< 0.05 vs. ZDF group and ^§^, p \< 0.05 vs. corresponding group w/o inhibitor.Fig. 3

Adventitial reactive oxygen species formation was increased in aortic cryo-sections of ZDF rats and reduced by SGLT2i therapies ([Fig. 4](#f0020){ref-type="fig"}A). Surrogate parameters for the burden of oxidative stress, 3NT- and HNE-positive proteins, were quantified by dot blot analysis in serum and both parameters were elevated in ZDF rats and almost normalized by SGLT2i treatments ([Fig. 4](#f0020){ref-type="fig"}B-C). 3NT-positive proteins were also quantified by dot blot analysis in renal tissue and were found at higher levels in ZDF rats and decreased by both SGLT2i doses ([Fig. 4](#f0020){ref-type="fig"}D). AGE-positive renal proteins were also quantified by dot blot analysis in renal tissue and were elevated by trend in ZDF rats and dose-dependent normalization by SGLT2i treatment (not shown).Fig. 4Effects of SGLT2i treatment on adventitial ROS formation and serum / kidney protein modifications involved in oxidative stress pathways in ZDF rats. Dihydroethidium (DHE, 1 µM)-fluorescence microtopography was used to assess the effects of SGLT2i treatment on adventitial ROS production (**A**). 3-nitrotyrosine (3-NT)-positive (**B**) and 4-hydroxynonenal (HNE)-positive (**C**) proteins were measured by dot blot analysis in serum samples. Representative blots are shown below the densitometric quantification. 3-nitrotyrosine (3-NT)-positive proteins (**D**) was measured by dot blot analysis in renal tissue. Representative blots are shown below the densitometric quantification. The data are the means ± SEM from 6 to 8 (**A**) or 6--8 (**B-D**) animals/group. \*, p \< 0.05 vs. control and ^\#^, p \< 0.05 vs. ZDF group.Fig. 4

3.4. Protein expression {#s0100}
-----------------------

A surrogate parameter for the burden of oxidative stress is the level of 3-nitrotyrosine (3NT)- or 4-hydroxynonenal (HNE)-positive proteins. Immunohistochemical quantification of 3NT-positive proteins in aortic sections revealed an increase in ZDF rats, which was absent after SGLT2i treatment ([Fig. 5](#f0025){ref-type="fig"}A). Likewise, the expression levels of HNE-positive proteins in aortic and cardiac tissue were increased in untreated but not SGLT2i-treated ZDF rats ([Fig. 5](#f0025){ref-type="fig"}B-C). The expression of NADPH oxidase isoform Nox2 was increased in aorta of ZDF rats and reduced by SGLT2i treatment ([Fig. 5](#f0025){ref-type="fig"}D). The expression of NADPH oxidase isoform Nox1 was not changed in aorta of ZDF rats but showed a trend for decrease by 20--25% under SGLT2i treatment (not shown). In accordance with this observation, the general stress response and antioxidant enzyme, heme oxygenase-1 (HO-1) was upregulated in ZDF rats without treatment and reduced by low dose SGLT2i treatment ([Fig. 5](#f0025){ref-type="fig"}D). Another stress response enzyme under the control of NRF2, glutathione peroxidase-1 (GPx-1) was also upregulated in kidney of ZDF rats and reduced by low dose SGLT2i treatment ([Fig. 5](#f0025){ref-type="fig"}E). The inflammatory protein monocyte chemoattractant protein-1 (MCP-1 or CCL-2) was up-regulated in untreated but not SGLT2i-treated ZDF rats ([Fig. 5](#f0025){ref-type="fig"}D). Immunohistochemical quantification of CD68- and COX2-positive cells in aortic sections revealed an increase in ZDF rats (CD68 signal mainly in the adventitia, COX2 signal mainly in smooth muscle cells), which was rather not modified by SGLT2i treatment (not shown). More detailed mechanistic studies in vitro were hampered by the fact that we observed no effect of empagliflozin at reasonable doses (\< 1 mM) on isolated human neutrophils (not shown). The contribution of advanced glycation end products (AGE) to the glucotoxicity in ZDF rats was assessed by expression levels of their receptors (RAGE) at the protein level ([Fig. 5](#f0025){ref-type="fig"}D). Aortic RAGE protein expression was increased in the aorta of ZDF rats and normalized by treatment (even below the levels in lean control rats). In support of increased AGE/RAGE signaling in ZDF rats, serum levels of the AGE precursor methylglyoxal were significantly increased in the ZDF group and improved by SGLT2i treatment ([Table 1](#t0005){ref-type="table"}).Fig. 5Effects of SGLT2i treatment on aortic and cardiac protein expression / modification involved in oxidative stress and inflammatory pathways in ZDF rats. Levels of 3-nitrotyrosine (3-NT)-positive proteins was determined by immunohistochemical quantification in aortic sections (**A**). Representative pictures are shown along with the densitometric quantification. 4-hydroxynonenal (HNE)-positive proteins were measured by dot blot analysis in aortic (**B**) and cardiac (**C**) tissue. Representative blots are shown below the densitometric quantification. Aortic protein expression of the NADPH oxidase isoform Nox2, the antioxidant stress-response-enzyme heme oxygenase-1 (HO-1), the receptor for advanced glycation end products (RAGE) and the inflammatory signaling protein monocyte-chemoattractant-protein-1 (MCP-1 or CCL-2) was assessed by Western blotting analysis and specific antibodies (**D**). Renal protein expression of the antioxidant stress-response-enzyme glutathione peroxidase-1 (GPx-1) was assessed by Western blotting analysis and specific antibodies (**E**). Representative blots for all proteins are shown along with the densitometric quantification. The data are the means ± SEM from 7 (**A**) or 4--6 (**B,C,D,E**) animals/group. \*, p \< 0.05 vs. control and ^\#^, p \< 0.05 vs. ZDF group.Fig. 5

3.5. mRNA expression and epigenetic regulation {#s0105}
----------------------------------------------

We also determined a number of inflammation markers by RT-PCR-based measurement of mRNA levels. Interferon-γ (IFN-γ) and cyclooxygenase-2 (COX2) expression was up-regulated in aorta of ZDF rats and both were reduced by SGLT2i treatment ([Fig. 6](#f0030){ref-type="fig"}A-B). Likewise, expression of inducible NO synthase (NOS2) and P-selectin (SELP; indicative of endothelial white blood cell attraction and infiltration as well as platelet activation and adhesion) were increased in aorta of ZDF rats and reduced by SGLT2i treatment ([Fig. 6](#f0030){ref-type="fig"}C and D). In line with these findings, the mRNA expression of the intercellular adhesion molecule-1 (ICAM-1) was up-regulated in the aorta of ZDF rats by 25% and normalized by the high dose SGLT2i therapy (not shown).Fig. 6Effects of SGLT2i treatment on aortic mRNA expression of pro-inflammatory genes epigenetic regulation in ZDF rats. mRNA expression of inflammatory genes *interferon-γ* (*IFN-γ*, **A**), *cyclooxygenase-2* (*COX2*, **B**), *inducible NO synthase* (*NOS2*, **C**) and a marker for vascular immune cell attraction as well as for platelet and endothelial activation *P-selectin* (*SELP*, **D**) was assessed by quantitative RT-PCR. The data are expressed as % of control and are the means ± SEM from at least 3 (**A-D**) animals/group. The activating epigenetic mark histone3 lysine4 trimethylation (H3K4me3) was measured in the promoter regions of *eNOS* (**E**), *IFN-γ* (**F**), *NOS2* (**G**) and *RAGE* (**H**) by ChIP. The data are expressed as % of input and are the means ± SEM from 9 to 14 animals/group (**E-H**). \*, p \< 0.05 vs. control and ^\#^, p \< 0.05 vs. ZDF group.Fig. 6

We also tested specific histone marks in promoter regions of genes of interest. In order to test whether our newly established ChIP procedure is working fine, we quantified the activating (H3K4me3) and suppressing (H3K9me3) histone marks in an always active gene (GAPDH) and in a genomic region, which is devoid of protein-coding genes (gene desert). In renal tissue H3K4me3 was high and H3K9me3 was low for GAPDH, whereas the opposite results were obtained for gene desert (not shown). The activating epigenetic mark histone3 lysine4 trimethylation (H3K4me3) was measured in the promoter region of *eNOS* and was found to be decreased in all ZDF groups ([Fig. 6](#f0030){ref-type="fig"}E). These data together with unaltered *eNOS* expression in renal tissue as measured by RT-PCR (not shown) underline that the partial rescue of endothelial function by empagliflozin is not due to upregulated eNOS expression but likely operates via improved ^•^NO/cGMP signaling and by prevention of oxidative damage in this cascade. In contrast, empagliflozin groups displayed less H3K4me3 in the promoter regions of the inflammatory genes *IFN-γ* and *NOS2* ([Fig. 6](#f0030){ref-type="fig"}F and G). For *RAGE* at least a trend of decreased H3K4me3 in the promoter region of the gene was observed under empagliflozin therapy ([Fig. 6](#f0030){ref-type="fig"}H). Noteworthy, renal mRNA levels of *NOS2* showed a similar pattern as in aorta (not shown).

3.6. Hyperglycemia correlates with the primary pathologies in T2DM {#s0110}
------------------------------------------------------------------

The importance of glycemic control to prevent glucotoxicity as the primary pathology of T2DM is supported by the inverse correlation between fasting blood glucose levels or HbA1c values and endothelial function of aortic ring segments ([Fig. 7](#f0035){ref-type="fig"}A), and by the positive correlations between fasting blood glucose levels or HbA1c values leukocyte-dependent oxidative burst (as a read-out of the activation state of circulating phagocytes) and the inflammation marker CRP in serum ([Fig. 7](#f0035){ref-type="fig"}B-C), highlighting the therapeutic need for multi-targeted pharmacological approaches to prevent glucotoxicity at all levels. The activity of the cardioprotective protein ALDH-2 showed at least a stable trend for the inverse correlation with HbA1c values ([Fig. 7](#f0035){ref-type="fig"}D). In general, the correlations between HbA1c values and the measured parameters showed better statistical significance than those with blood glucose levels.Fig. 7Linear regression analysis for correlations between fasting blood glucose (**A-D**) or HbA1c (**E-H**) and endothelial function (ACh efficacy, **A and E**), zymosan A-induced whole blood oxidative burst **(B, F)**, serum CRP levels **(C, G)** or ALDH-2 activity **(D, H)**. The total number of data sets (animals) for linear regression analysis was 37 (**A**), 35 (**B**), 38 (**C**), 16 (D), 41 (**E**), 35 (**F**), 40 (**G**) and 16 (**H**). p-values and correlation coefficients (R^2^) are provided in the graphs.Fig. 7

3.7. Evidence for pleiotropic effects of empagliflozin in cultured endothelial cells {#s0115}
------------------------------------------------------------------------------------

The protective effects of empagliflozin (EMPA), the DPP-4 inhibitor sitagliptin (SITA) and the RAGE inhibitor FPS-ZM1 were compared head to head in cultured hyperglycemic human endothelial cells (HUVECs) by qualitative assessment of living cells ([Fig. 8](#f0040){ref-type="fig"}A and C). The density of the cells was decreased and their shape was changed to an elongated, activated (and in some cases apoptotic) state in the hyperglycemic groups from day 0 to day 6. In addition, many non-adherent, dead cells were observed in the high glucose wells ("white" cells). Especially the higher (supra-pharmacological) concentrations of empagliflozin and the dipeptidyl peptidase-4 sitagliptin conferred obvious protection against glucotoxicity and normalized the cell density and shape almost completely, indicating potent pleiotropic effects on hyperglycemic endothelial cells (a glucose decrease in the medium can be excluded). The RAGE inhibitor FPS-ZM1 showed an intermediate effect at least demonstrating the therapeutic potential of interruption of the AGE/RAGE signaling pathway.Fig. 8Experiments in cultured human endothelial cells reveal pleiotropic effects of empagliflozin. The protective effects of empagliflozin (EMPA), the DPP-4 inhibitor sitagliptin (SITA) and the RAGE inhibitor FPS-ZM1 were tested in cultured hyperglycemic human endothelial cells (HUVECs) by qualitative and quantitative assessment of living cells (density and shape) (**A, C**). Representative pictures of cells are shown. Nitrite formation in response to acetylcholine (1 µM) in the supernatant was determined by acidic conversion of 2,3-diaminonaphthalene to the triazol product and HPLC-based quantification using fluorescent detection (**B**). Representative chromatograms are shown besides the quantitative data. The data are the means ± SEM from at least 5 independent experiments. \*, p \< 0.05 vs. NG; ^\#^, p \< 0.05 vs. HG; ^\$^, p \< 0.05 vs. same 1 µM group; ^§^, p \< 0.05 vs. EMPA10; ^&^, p \< 0.05 vs. SITA10.Fig. 8

As a read-out of functional eNOS, the formation of nitrite upon stimulation of the cells with acetylcholine was determined. In accordance with the data on cell shape and density, the nitrite formation by HUVECs was sharply decreased under hyperglycemic conditions and restored by all drugs in a concentration-dependent fashion ([Fig. 8](#f0040){ref-type="fig"}B). Although only minor differences between the drugs were observed, EMPA was slightly more beneficial than SITA and the RAGE inhibitor FPS-ZM1. We would like to stress that the eNOS-dependent nitrite formation was decreased by 85% in hyperglycemic HUVECs, whereas the cell number was only diminished by 71% indicating that the functional loss was more pronounced than expected by the loss of cells. Likewise, the recovery of nitrite formation under drug treatment was more pronounced than the gain in cell number implying that the drugs not only prevent cell death but also improve eNOS function.

4. Discussion {#s0120}
=============

Our study demonstrates that chronic treatment of ZDF rats with the SGLT2i empagliflozin prevents the development of oxidative stress, AGE/RAGE signaling and inflammation, and also partially improved endothelial function in a well characterized animal model of type 2 diabetes mellitus. These beneficial effects are likely due to glucose lowering effects but also improved glucose utilization by restored insulin sensitivity and signaling, all of which prevent down-stream glucotoxicity such as AGE formation, AGE/RAGE signaling, metabolic dysfunction, oxidative stress, inflammation and impairment of vascular function (reflected by the correlations shown in [Fig. 7](#f0035){ref-type="fig"}). Improvement of the redox state should contribute to reduced β-cell apoptosis and improved insulin production.

Importantly, the efficacy of some of the current anti-diabetic treatments vanishes over time, leading to a progression of the disease [@bib20]. This phenomenon is mostly explained by progression of β-cell apoptosis and dysfunction in the setting of diabetes, which is efficiently prevented by empagliflozin and other SGLT2i therapy [@bib27], [@bib42], [@bib43]. SGLT2i therapy preserves β-cell integrity and functional capacity as shown by our immunohistological and -histochemical analysis. Our data also show that α-cells of the pancreatic islets and their glucagon content are preserved suggesting that empagliflozin treatment preserves the two major mechanisms involved in the glucose homeostasis. Young, prediabetic, ZDF rats (\< 14 weeks) have significantly increased plasma insulin levels compared to their wild-type littermates to compensate for insulin resistance (hyperinsulinemia), whereas in older ZDF rats, plasma insulin levels continuously decline in parallel with progressing β-cell dysfunction due to oxidative and glucotoxic damage as well as exhaustion of insulin content [@bib44], [@bib45]. However, insulin-sensitivity is not fully restored as shown by the only partially normalized blood glucose values (fasting and non-fasting) and HbA1c values as well as the obvious hyperinsulinemia in the plasma of all ZDF groups. The increase in insulin plasma levels in ZDF rats with different SGLT2i drugs is well documented [@bib25], [@bib46], [@bib47], [@bib48], [@bib49]. Of importance is that empagliflozin was shown to lower blood glucose levels (thereby sparing insulin) in a preclinical model of streptozotocin-induced type 1 diabetes [@bib50] and also in human studies [@bib51], [@bib52].

SGLT2i treatment appears to be highly efficient in preventing glucotoxicity, i.e. increased methylglyoxal levels, formation of AGE and the induction of RAGE-dependent signaling. Importantly, methylglyoxal has recently been demonstrated to play an essential role in the development and progression of diabetic neuropathy in diabetic mice and patients, and therefore represents a target of special interest for pharmacological modulation [@bib53]. Increased AGE/RAGE signaling was reported for diabetic rats [@bib54], which contributes to oxidative stress and vascular complications [@bib55] via activation of NADPH oxidases [@bib12] and impairment of ^•^NO/cGMP signaling [@bib55]. Our data support impaired ^•^NO/cGMP signaling (as suggested by reduced P(Ser239)-VASP levels, the substrate of cGMP-dependent protein kinase (cGK-1)) with vascular dysfunction (for detailed mechanism see [Fig. 2](#f0010){ref-type="fig"}E), which is best explained by direct oxidative inactivation of the constituents of this pathway (e.g. thiol oxidation in sGC, oxidative break-down of ^•^NO, and oxidative depletion of BH4) [@bib56], [@bib57] but also adverse phosphorylation of eNOS at Thr495 by protein kinase C [@bib40], [@bib41]. Our ChIP data on histone modification at the eNOS promoter show that the activating H3K4me3 mark is decreased throughout all ZDF groups and not restored by SGLT2i treatment supporting that improved ^•^NO/cGMP signaling by empagliflozin is not based on upregulation of eNOS gene but potentially on prevention of oxidative damage of the ^•^NO/cGMP signaling pathway. Likewise, RAGE-antagonism improved late-stage diabetic complications such as hind limb ischemia in T1DM mice [@bib58], nephropathy in ZDF rats [@bib59], [@bib60], [@bib61] and microvascular damage in T1DM rats [@bib62].

According to previous data AGE/RAGE signaling triggers low-grade inflammation [@bib16] as supported by the protein and mRNA expression data and oxidative stress measurements of this study. All of these adverse effects were normalized by SGLT2i treatment in accordance with the previously reported anti-inflammatory effects of empagliflozin in a model of atherosclerosis [@bib63]. It should be noted that also other recent anti-diabetic drugs provide efficient glycemic control in diabetic conditions as reported for linagliptin and sitagliptin and other dipeptidyl peptidase-4 inhibitors, in ZDF and obese rats [@bib64], [@bib65], [@bib66].

In the present study, the interplay between AGE/RAGE signaling, oxidative stress and inflammation is reflected by increased oxidative stress markers in various tissues and whole blood. We observed increased ROS formation in aorta, heart, kidney, serum and whole blood. In addition, we show that empagliflozin, sitagliptin and the RAGE inhibitor FPS-ZM1 improved viability and ^•^NO formation in HUVECs under hyperglycemic conditions. The partial protection provided by the RAGE inhibitor underlines the significant contribution of AGE/RAGE signaling to the underlying pathophysiology of hyperglycemia and glucotoxicity, which is also reflected by the above discussed therapeutic efficacy of RAGE antagonists in diabetic animals.

Interestingly, ROS formation in the adventitia, as an example for adipose tissue, was increased, which could be associated with dysregulated adipokine synthesis. Here, we observed increased leptin levels in ZDF rats, which were not corrected by empagliflozin therapy. However, the meaning of this result is unclear in leptin receptor deficient rats (ZDF). In the present study, adiponectin levels were not changed significantly in any group as reported previously by others for old ZDF rats [@bib67], for empagliflozin in obese rats [@bib26] and for dapagliflozin therapy in T2DM patients [@bib68]. Whether these obvious paradoxical observations contribute to the increase of triglycerides and cholesterol under empagliflozin therapy remains to be established. Triglycerides are more often reported to be diminished in response to empagliflozin therapy in humans [@bib22].

Related to the here reported direct oxidative stress parameters, the redox regulated enzyme, mitochondrial aldehyde dehydrogenase (ALDH-2), is not only important as a nitroglycerin bioactivating enzyme [@bib69], [@bib70] but also degrades toxic aldehydes such as acetaldehyde, malondialdehyde and 4-hydroxynonenal [@bib71]. Recent studies show that ALDH-2 plays an important role in the reduction of myocardial damage during ischemia/reperfusion thereby reducing the infarct size [@bib72] and confers cardio-protection in an experimental diabetes/myocardial infarction model [@bib73]. ALDH-2 deficiency was associated with increased ROS formation in aging animals [@bib74], alcohol-induced heart failure [@bib75] and acetaldehyde overload as well as nitroglycerin challenges [@bib76]. In the setting of nitroglycerin-induced nitrate tolerance oxidatively triggered proteasomal degradation of ALDH-2 protein was reported [@bib77]. Therefore, the inactivation and/or down-regulation of ALDH-2 in the ZDF group strongly supports the cardio-toxic phenotype of hyperglycemia and the improved activity of this redox-sensitive enzyme with high dose SGLT2i treatment supports cardio-protective and antioxidant properties of this drug.

ZDF rats are used as a model of T2DM for more than 35 years. Here, we would like to discuss some major strengths and limitations of this animal model. ZDF rats display a severe phenotype of T2DM with all known features of this disease and strong parallels to the metabolic syndrome. This is an inbred animal model in which the genetic background is homogenous and exogenous factors are minimized (e.g. as encountered during surgery and drug administration to induce diabetes in other models). As a general note we would like to mention that despite the fact that the ZDF model has been used for a quite long time as a model of T2DM, there is still large variation in multiple parameters (e.g. insulin levels, CRP). These differences could be due to the pronounced time course underlying the T2DM features in ZDF rats and researchers using the rats at different time points as well as the quality of the assays used (here we show significant differences for measurement of plasma/serum insulin levels by using ELISA without protease inhibitors and RIA with protease inhibitors). For the purpose of illustration, large variations for the measurement of body weight, HbA1c values, serum insulin levels, HOMA-IR and HOMA-beta, as well as serum CRP levels were found in publications describing the ZDF phenotype. The major part of these variations may be ascribed to the different age of investigated ZDF rats (due to the above mentioned time course underlying the pathologies) but also the use of different ELISAs as well as different approaches for the complicated calculation and conversion of HOMA-IR, HOMA-beta and insulin values. Besides these inherent problems linked to the use of the ZDF model (as with most animal models), the high animal costs and increased mortality due to ketosis at advanced age and the absence of the leptin receptors could lead to compensatory increases in leptin levels and the loss of leptin effects in various adipokine signaling pathways (e.g. regulation of circulating cortisol). A summary of advantages and disadvantages of the ZDF model is provided in a detailed overview [@bib78].

Interestingly, despite being a specific SGLT2 inhibitor and causing a dramatic increase in urine volume and glucose excretion in non-diabetic mice, previous studies showed that urine volume and glucose excretion in db/db mice were not changed by chronic empagliflozin treatment [@bib49]. Ojima et al. found that HbA1c and fasting blood glucose values were significantly decreased by empagliflozin but glucosuria was not diminished in STZ rats [@bib79]. In humans at least the urine excretion volume is not significantly changed by empagliflozin [@bib80]. These data question urine volume and glucose excretion as reliable parameters in animal models of T2DM. A potential limitation of our in vitro experiments in cultured HUVECs is the fact that the employed empagliflozin concentrations were supra-pharmacological (1 and 10 µM) as compared to the circulating levels expected in our empagliflozin treated rats (approximately 100--250 nM). However, it should be noted that concentrations of 1--100 µM of empagliflozin and other SGLT2i are frequently used in cell culture [@bib81], [@bib82]. Another limitation of the cell culture studies in HUVECs is the lack of knowledge of the presence and function of SGLT2 in endothelial cells. Accordingly, we consider the effects of empagliflozin observed in our cell culture to be of "pleiotropic" nature, although final proof on the exact mechanism of empagliflozin and sitagliptin mediated improvements (e.g. via better glucose utilization and respective anti-hyperglycemic effects or via direct modulation of the down-stream glucotoxicity by reduction of oxidative stress, inflammation and AGE/RAGE signaling) requires further investigation. The protective effects of the RAGE inhibitor FPS-ZM1 demonstrate the importance of the AGE/RAGE axis for hyperglycemia-induced complications.

Another caveat and limitation of SGLT2i treatment could be that the observed hypercholesterolemia in ZDF rats was not improved by empagliflozin providing a feasible explanation for the moderate improvement of some of the parameters (including endothelial function) and suggesting a therapeutic approach for T2DM (metabolic syndrome) that combines SGLT2i and lipid-lowering drugs. Importantly, we here provide evidence for decreased epigenetic activation of *NOS2* and *IFNγ* (for *RAGE* by trend) due to decreased H3K4me3 in the promoter regions of the genes in kidneys of SGLT2i treated ZDF rats. It has been shown previously that global differences in H3K4 trimethylation are associated with overweight and type 2 diabetes [@bib83]. In addition, studies in diabetic patients showed increased promoter H3K9me2 in genes that are associated with autoimmune and inflammation-related pathways, such as transforming growth factor-beta (TGFβ), nuclear factor-κB, p38 mitogen-activated protein kinase, toll-like receptor, and interleukin-6 [@bib84]. Our present data cannot clarify whether these epigenetic effects are a consequence of glucose lowering and would be shared by most other antidiabetic drugs, conferring glycemic control, or represent a specific (direct, pleiotropic) property of empagliflozin. A head-to-head comparison of different antidiabetic drugs (e.g. empagliflozin, sitagliptin and FPS-ZM1) in vivo are necessary to answer this question.

In summary, the results of our study confirm previous findings on correlations between vascular oxidative stress, AGE/RAGE signaling, low-grade inflammation and vascular dysfunction in diabetic animals or patients and highlight the importance of glycemic control to prevent glucotoxicity as the primary pathology of T2DM ([Fig. 9](#f0045){ref-type="fig"}). Epigenetic but also pleiotropic effects of empagliflozin may contribute to this beneficial pharmacological profile. The importance of our preclinical data is underlined by a recent large clinical trial where the major finding was that empagliflozin reduces the cardiovascular and overall mortality in T2DM patients at high cardiovascular risk (EMPA-REG) [@bib2], [@bib22], which makes inhibition of SGLT2 an attractive anti-diabetic therapy and warrants further exploration in combination therapeutic approaches.Fig. 9Hypothetical scheme on empagliflozin-conferred protection in T2DM. The normalization of the glycemic condition and prevention of glucotoxicity are the major beneficial properties of empagliflozin and other SGLT2i but (direct) epigenetic and pleiotropic effects may also contribute. The secondary pathologies oxidative stress, AGE/RAGE signaling, inflammation with subsequent vascular dysfunction and increased cardiovascular risk are accordingly improved by the primary action of empagliflozin (the latter shown by the EMPA-REG trial).Fig. 9
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[^1]: The authors contributed equally to this study and should therefore all be considered as first author.

[^2]: p \< 0.05 vs. control.

[^3]: p \< 0.05 vs. ZDF.

[^4]: p \< 0.05 vs. low dose SGLT2i treated.

[^5]: Non-fasting blood glucose was determined before SGLT2i treatment; fasting blood glucose as well as HbA1c levels were measured after SGLT2i treatment.

[^6]: HOMA-IR = \[Glucose\] \* \[Insulin\] / 22.5 (fasting glucose in mmol/l; fasting insulin in mU/L); HOMA-beta = 20 \* \[Insulin\] / (\[Glucose\] - 3.5) % (fasting glucose in mmol/l; fasting insulin in mU/L).

[^7]: Each samples pooled from 2 animals of the same group. The data are the means ± SEM of the indicated number of animals/group.
